Abstract. Valence electron energy-loss spectroscopy in a dedicated scanning transmission electron microscope has been used to obtain the interband transition strength of bulk α-Al 2 O 3 . The interband electronic structure was obtained from critical point modelling. Comparison to established results from vacuum ultraviolet spectroscopy was used to improve the analysis of the energy-loss spectra and quantitative agreement between both methods was obtained. Spatially resolved measurements of a near-11 tilt grain boundary in α-Al 2 O 3 were analysed with the same procedure. This revealed an increase in the electron occupancy of the O 2p valence band to conduction band transitions which can be associated with an increased ionic character of the bonding at the grain boundary with respect to the bulk material. This is consistent with the results of other studies which determined the atomic structure and then calculated the electronic band structure of the same near-11 tilt grain boundary. Quantitative analysis of valence electron energy-loss spectroscopy can be regarded as a new electronic structure tool for application to localized structures such as internal interfaces in our quest to better understand their micro-and macroscopic properties.
Introduction
The optical properties of insulators are a direct probe of the interband transitions and valence electronic structure and are therefore currently of great interest. Our work is devoted to understanding the localized electronic structure of internal interfaces using both experimental and theoretical methods. From a basis in interband optical properties it is possible to measure various observables, such as the optical reflectance or the electron energy loss, or calculate the imaginary part of the dielectric function. Because the real and imaginary parts of the complex optical properties are related to each other by causality relations it is possible to calculate the corresponding part with the help of a Kramers Kronig (KK) dispersion analysis. It is then possible to deduce any other of the complex optical properties from a knowledge of the real or imaginary component of any one optical property [1] . Therefore in order to compare the results of different measurements and methods, such as vacuum ultraviolet (VUV) spectroscopy and spatially resolved valence electron energy-loss spectroscopy (SR VEELS) we need only to improve our KK analysis of the experimental observables. Typically this will require a careful understanding of the nature and properties of the signals, noise and artifacts present in the data, so as to be alert for analytical anomalies while processing the information.
The optical properties are closely related to the electronic structure of the material, in particular the interband transitions between the occupied valence band and the empty conduction band. Traditionally the dielectric function ε = ε 1 + iε 2 is taken as the common optical property used for comparison between various methods. However, for quantitative analysis of the electronic structure it is desirable to use the interband transition strength J CV , which is just an energy weighted function of the dielectric constant (see definition in equation (1)). The interband transition strength is preferred because it is closely related to the joint density of states, with the interband matrix elements considered. The interband critical points demonstrate their appropriate topological line shapes in J CV , which is not the case for the dielectric constant [2] .
Reflectivity measurements in VUV spectroscopy have been used recently to obtain the interband transition strength of various insulators, in particular α-Al 2 O 3 [3] [4] [5] and AlN [6, 7] . With critical point modelling it is then possible to obtain quantitative information on the electronic structure [2] . For example this method has been used to follow the effects of the electron phonon interaction in the electronic structure of α-Al 2 O 3 up to the melting point, where strong anharmonicity is observed [5] . Another interesting application in materials science is the calculation of the van der Waals attraction forces of wetted interfaces directly from the interband transition strengths of the component materials using quantum field theory results [8] . One drawback of the VUV optical method is its limited spatial resolution. Measurements are restricted to macroscopic single crystals or polycrystals. In the latter case the data are automatically averaged over all different orientations. It is impossible to obtain information directly from localized defects in the material such as grain boundaries. It is generally accepted, however, that in many cases the grain boundaries are decisive for the macroscopic properties. Furthermore in the case of thin intergranular films, such as present in Si 3 N 4 for example, VUV spectroscopy cannot determine the Hamaker constant unless a reference material with exactly the same composition as present in the grain boundary film is provided [9] . It is virtually impossible to manufacture such a reference material due to the complicated and incompletely understood segregation effects occurring during the processing of Si 3 N 4 .
These drawbacks can only be overcome by a method which offers high spatial resolution and therefore the direct investigation of interfaces and intergranular films on a nanometre scale. Such a method is SR VEELS. The theory of inelastic electron scattering shows that the electron energy-loss (EEL) spectra are proportional to Im(−1/ε) where ε is the dielectric function [10] . Therefore EEL spectra can be analysed to give the complex optical properties and in particular the interband transition strength for a material. Then critical point modelling as developed for VUV spectroscopy can be applied. In the past, however, only the dielectric function ε has been calculated from the measured EEL spectra and the application was limited to bulk materials. Dielectric theory has been used to calculate the expected EEL signal for special geometries and has shown good agreement with experiment [11, 12] . In these cases the spatial resolution available in a dedicated scanning transmission electron microscope (STEM) has been used to obtain spectra with an electron beam diameter of 1 nm or less. However, the possibility of quantitatively analysing the EEL spectra to produce detailed electronic structure information in combination with high spatial resolution has not been attempted. With these same analytical methods it will also become possible to measure Hamaker constants in situ [9] . This paper shows the development of a new method for bulk material and the application to a model grain boundary. First we refine our VEELS data analysis by quantitative comparison of VEELS results for bulk α-Al 2 O 3 with results obtained using VUV spectroscopy from single crystals. Taking the well established results from VUV as a reference it was possible to optimize the VEELS data analysis to obtain quantitative agreement. Then VEELS was obtained from a near-11 tilt grain boundary (GB) in α-Al 2 O 3 . This served as a model GB and was chosen since it has been extensively studied by other methods. Highresolution transmission electron microscopy (HRTEM) [13] in conjunction with static lattice calculations of the GB structure [14] has provided information on the atomic structure of the GB. Furthermore the electron energy-loss near-edge structures (ELNES) has been measured from the GB atoms and interpreted with respect to the coordination and bond length of the atoms at the GB [15] . All this structural information was found to be mutually consistent. Based on the structural data there has been recently an effort to calculate the electronic band structure [16] and optical properties [17] of this GB from first principles. The experimental results presented here will be discussed in relation to these other investigations.
Some preliminary results have been presented before [18, 19] , but data analysis continues to improve. In this paper we present our current understanding and analysis capability for VEELS. This shows that VEELS could be a useful method to determine the electronic structure of internal interfaces.
Experiment

Sample
The same cross sectional TEM specimen previously prepared for and examined by HRTEM [13] and the ELNES [15] measurements was used in this study. The near-11 bicrystal was melt grown using two seed crystals which had been purified by multiple zone refinement [20] . The cation impurity level was less than 38 ppm and the total impurity level below 59 ppm as determined by SIMS. The cross sectional TEM specimens had originally been coated with a thin carbon film to avoid charging in the HRTEM investigation. For the experiments performed here it was found that this was not necessary and the carbon layer was removed by a short ion beam thinning.
Data acquisition
The VEELS measurements were acquired with a parallel electron energy-loss spectrometer (PEELS) (Gatan 666) fitted to a dedicated STEM (Vacuum Generators HB501) operating at 100 keV. The spectrometer consists of a magnetic prism, quadrupole lenses and a photodiode array for parallel recording. The microscope is equipped with a high-resolution pole piece and a cold field emission electron source. The system has an energy resolution of 0.7 eV, determined by the full-width-half-maximum of the zero loss peak. The beam was focused to give less than 1 nm diameter. The convergence and collection semi-angle were both 7 mrad. Spectra were acquired while the beam was scanning an area of 3 nm × 4 nm. An image of the investigated specimen area was simultaneously observed in the high-angle annular dark field detector and specimen drift was corrected manually with the beam shift coils. This acquisition mode sacrifices spatial resolution and sensitivity to the GB. At the time the experiments were performed it was not possible to acquire several spectra with different acquisiton times (see below) from the same area. Only recent improvements in hardware and software permit this mode of operation which allows one-dimensional profiles across the GB where the irradiated area is identical to the profile of the primary electron beam. This will be used in future work. Visual inspection of the image before, during and after data acquisition did not show any sign of electron beam irradiation damage of the specimen.
To increase the dynamic range of the detector a set of three spectra was acquired at each position, with a total spectral width of 50 eV each. Between the spectra the acquisition time and the energy range was varied to obtain unsaturated statistically relevant data for the Al-L edge (79 eV), the bulk plasmon loss (25 eV) and the zero loss (0 eV) respectively. Four sets of spectra were taken, two while the beam was scanning an area centrally located on the GB and two while scanning over bulk material near the GB. All spectra were corrected for readout pattern and dark current and then the spectra in each set were spliced together to give one continuous spectrum in the energy loss range −10 to 80 eV. The data acquisition at each area took about thirty seconds and the whole measurement of one data set was performed in less than two minutes.
Data analysis
The data acquisition and analysis was performed on personal computers. The PEELS is controlled by a Macintosh computer and the dark current and gain correction, splicing and single scattering deconvolution were done on this platform under EL/P †. The other analysis was performed on an IBM compatible 486 PC under GRAMS ‡. Various routines have been implemented for single scattering deconvolution (SSD), Kramers Kronig (KK) analysis, critical point (CP) modelling and Hamaker constant calculations §.
Results
Methods of VEELS data analysis
The two spectra from the bulk grains were first used to optimize the data analysis of the VEELS spectra taking the results from VUV spectroscopy as a reference. This comparison was performed at all stages of the analysis procedure. † EL/P is a software package for acquiring and processing EEL spectra from the PEELS system. It is available from Gatan Incorporated, 6678 Owens Drive, Pleasanton, CA 94566, USA. ‡ Grams/386 is a 32-bit PC-based spectroscopy environment which supplies a vectorized programming language, three-dimensional relational databases and is the environment in which the Hamaker.ab program has been developed. Grams results obtained using the Gatan routines. Notice the artificial shape where the ZL peak is truncated at 5 eV and also the intensity present below the 8.8 eV band gap even after SSD: the shape of the SSD spectrum determined using these methods is not asymptotic to zero below the band gap. Figure 1 shows the EEL spectrum from bulk α-Al 2 O 3 obtained after splicing.
Single scattering deconvolution.
Multiple scattering was removed from the recorded VEELS by a Fourier-log deconvolution of the entire spectrum [10] . The routine employed in the EL/P software integrates the intensity of the zero loss up to the first minimum and replaces it with a delta function [10] . This is a crude approximation and finite intensities remained in the band-gap region which are not meaningful and indicate incomplete data correction. It is found experimentally that a zero loss recorded through a hole (i.e. with no inelastic scattering present in the spectrum) has wings which extend to several tens of electronvolts, basically over the whole detector array.
Currently we try to solve this in two different ways, with curve fitting of analytical functions (e.g. a Lorentzian) or experimental zero loss line shapes (recorded shortly before or after the experiment with the same settings of the microscope and spectrometer while the beam is passing through a hole in the specimen) to the right-hand wing of the zero loss peak within the known band-gap region (for α-Al 2 O 3 the band gap is larger than 8.8 eV at room temperature [3] ). Both methods have wings which extend over the full spectral range and are therefore suitable. It is known, however, that the line shape of the zero loss cannot be described fully by an analytical function. Likewise the experimentally recorded line shape is missing some effects such as phonon scattering [10] which is present in the actual spectrum but should preferably be removed since it is not related to the dielectric function.
At the time the experiment was carried out this complication had not been realized fully and no experimental line shapes were recorded. Therefore we fitted a power law to the remaining intensities in the band-gap region and subtracted it over the entire spectral range. A remaining constant offset on the spectrum was also removed. Figure 2 (a) shows the results of these baseline-subtracted multiple scattering corrected VEEL spectra compared to the VEEL spectrum directly calculated from VUV data. From the VEEL spectra the absolute specimen thickness and the mean free path for inelastic scattering can be calculated [10] . For the four data sets the thickness was 80±2 nm and the mean free path 112±2 nm.
3.1.2.
Convergence and angular correction. The effects of finite collection aperture and incident beam convergence angle influence the measured VEEL spectra. The single scattering distribution was corrected for these effects with the CONCOR routine of Egerton [10] , which was modified to be applicable to the energy loss range from 0 to 100 eV and to include the angular correction necessary before Kramers Kronig analysis [10] .
Kramers Kronig analysis.
The single scattering distribution is proportional to Im(−1/ε) where ε is the dielectric function which depends on the energy and the momentum transfer. The latter is neglected here (see also discussion in section 4.3) and ε is taken to depend only on energy. The real part of this function was obtained by a FFT-based Kramers Kronig analysis [21] . Knowledge of Im(−1/ε) at all frequencies is required for KK analysis, but this is not available experimentally. Therefore the experimental data are extended using spectral wings. On the high-energy side the wing follows an analytical function A * E −r where E is the energy loss and r was set to 4. This function was matched to the experimental data in the energy loss region 50-54 eV and then extended up to 1000 eV. This procedure completely neglects the influence of the Al-L edge which occurs around 78 eV in α-Al 2 O 3 . For the low-energy losses wings are normally added, but since the energy loss goes to zero at the band-gap energy this was not necessary here. The resulting energy loss function should be on a quantitative scale, but will have an arbitrary scale because the incident electron beam intensity is not known accurately. Here the index sum rule [10] was used for absolute scaling with a refractive index of 1.767 at 633 nm determined for α-Al 2 O 3 by optical spectroscopy.
Interband transition strength J CV .
From the real and imaginary parts of the dielectric function the complex interband transition strength is calculated [2] :
where m 0 is the mass of the electron, h is Planck's constant and E is the electron energy loss or photon energy. The asterisk denotes complex conjugation, so that the real part of the interband transition strength J CV is proportional to the imaginary part of the dielectric function ε. For computational convenience we take the prefactor m whose value in cgs units is 8.289×10 −6 g cm −3 eV −2 as set equal to one. Therefore the plotted J CV spectra have units of eV 2 . For the calculation of the sum rule (equation (2)) the prefactor has to be included and the units of J CV are then g cm −3 . The intensity in the J CV data obtained from VUV measurements goes to zero around 40 eV whereas the VEELS based J CV has a non-zero intensity at this energy. This difference is not fully understood at the moment and might be due to the processing of either sets of data. In order to obtain comparable results, which are also suitable for further analysis, we have subtracted a linear baseline from the single scattering distribution which was constructed to touch the experimental data at 6 eV and 54 eV. The J CV obtained in this way from the EELS is compared to the VUV results in figure 2(b).
Critical point modelling.
The similarity in the interband transition strength for both methods indicates that the same critical point model as previously used for the VUV data [5] ( figure 3(a) ) can be fitted to the SR VEELS data. The models were optimized using maximum likelihood methods with simulated annealing [2] . [5, 2] . An excitonic transition is resolved at the band gap in these VUV measurements.
For α-Al 2 O 3 it has been found that four sets of critical points appear, one exciton and three related to 3D sets of interband transitions. These correspond to the transitions from occupied valence bands into the unoccupied Al 3s and 3p conduction band. The valence bands in α-Al 2 O 3 can be divided into three regions-the O 2s lower valence band and two upper valence bands. The latter comprises the O 2p band, which corresponds to the non-bonding electrons on oxygen arising from the charge transfer upon ionic bond formation, and below these lies the Al=O band with predominant hybridization of Al and O orbitals which is representative of covalent bonding. This interpretation of the upper valence band character is based on an analysis of the calculated band structure and site specific density of states (DOS) of α-Al 2 O 3 which indicates that the O 2p has almost all its DOS on the O atoms, whereas the Al=O has roughly the same DOS on Al and O atoms [22] . The α-Al 2 O 3 critical point model is shown in figure 3(a) refined onto the VUV derived J CV spectra. In figure 4 (a) the CP model fit is refined onto the bulk VEELS data and figure 4(b) shows the refined CP model for the GB VEELS data. Although only the real part of the interband transition strength is shown the model is fitted simultaneously to real and imaginary part (for details see [2] ). 3.1.6. Oscillator strength sum rule. The oscillator strength or f -sum rule (equation (2)) can be used on the experimental data and on the individual balanced critical point sets to determine the valence electron density of the material and the electron occupancy of each CP set. The sum rule
where m * m 0 is the effective mass of the electrons (m * = 1 is taken in all calculations), v f is the volume of the formula unit and J CV is the interband transition strength, was applied to the model and the experimental data. The effective number of electrons n eff is a dimensionless quantity which can easily be verified by combining equations (1) and (2) . Figure 3(b) shows the partial sum rules for the VUV data while figure 5 compares the partial sum rules determined from the VEELS data. These results are summarized in table 1. in the upper valence band. This yields 76% for the VEELS data in agreement with the VUV results [5] .
Grain boundary
The spectra taken from the near-11 grain boundary were processed and analysed in the same way as described for the bulk spectra above. The single scattering distribution ( figure 2(a) ) of the four spectra (2 GBs and 2 in bulk) show differences between the two sets. There are also some variations within each set, but they are smaller than the differences between the bulk and GB data sets. These differences in the VEEL spectra transform into differences in the interband transition strength ( figure 2(b) ). The critical point model is fitted ( figure 4(b) ) and the f -sum rule quantifies the differences ( figure 5 and table 1 ).
The main difference occurs in the energy region of the Al=O valence band transitions. The interband transition strength is reduced which leads to a smaller number of effective electrons in the Al=O covalent valence band. This translates into a higher ionicity of the atomic bonding in the GB region.
Discussion
Data comparison
4.1.1. VUV and VEEL spectroscopy. The interband transition strength obtained from the VEELS shows the same overall structure as the result from VUV spectroscopy. The energy resolution is less in the VEEL spectrum and therefore all features are less sharp and appear broadened. This is reflected in the critical point model in which the contributions from the different parts of the valence band show less structure. However, the only information which is lost is the sharp exciton peak which cannot be distinguished in the VEELS interband transition strength. The VUV results aided the development of the VEELS data analysis and the identification of artifacts resulting from incorrect data processing. The index sum rule used for scaling the measured energy-loss spectra requires an a priori knowledge, which will not be available for all materials, especially for unknown phases which are of interest. Another method is needed to achieve general applicability of the analysis without any a priori knowledge. The use of an erroneous value for the index of refraction in the index sum rule affects the interband transition strength strongest for low-energy losses [19] . Small errors in the correction for multiple scattering do not influence the interband transition strength strongly [19] . Although the multiple scattering correction makes crude approximations, the additionally introduced corrections are thought to render the remaining errors negligible. The subtraction of a linear baseline from the data to reduce the intensity around 40 eV to obtain an analysable result may be regarded as the largest approximation. The source of this baseline offset is currently not fully understood but with the improved analysis currently under development no corrections will be necessary. The analysis will be restricted to insulators with a band gap which is large enough to allow fitting in an energy-loss spectral region which is known not to have any intensity present. Alumina has a large band gap and is therefore a suitable material as are a number of other ceramic materials. Semiconductors and metals on the other hand will pose more severe problems. It is well known that the f -sum rule hardly ever exceeds the valence electron count, and instead usually underestimates the electron density [23] . We therefore expect to find a total of about 24 electrons, whereas the experimental results show roughly half this number. (This result is in contrast to an earlier publication [3] which showed 24 valence electrons for alumina. However, in the course of the present study an error was found in the previous calculation yielding results twice as large.) This large discrepancy for alumina is currently being investigated further. The calculated partial sum rules contain an error, arising from the imperfect critical point models. Currently there are no other results available for the exact number of electrons in the different parts of the valence band to check the consistency of our results. The ionicity as defined above is nevertheless meaningful and shows the general trend because it is a relative measure. The analysis method presented for VEEL spectra allows a detailed comparison with data obtained by optical spectroscopy and provides quantitative information about the optical properties and electronic structure of insulators.
Bulk material and grain boundary.
The exact results for interband transition strength and f -sum rule depend on the details of the data analysis, which is a topic of ongoing development. In the present work on the near 11 tilt grain boundary identical data analysis was applied to all data sets. It is reasonable to assume that the errors present in the analysis are systematic and therefore the differences in the original experimental data are translated into meaningful differences in the final result. The differences between the VEELS from the bulk material and the GB appear mostly in the energyloss region starting at 14 eV and extending up to the plasmon energy (25 eV). This energy range corresponds to transitions from the covalent Al=O valence band into the Al 3p conduction band. The analysis shows that the corresponding interband transitions strength is reduced and the bonding is less covalent (more ionic) at the GB. While the absolute numbers given for the difference might not be reliable and depend on the details of the data analysis, the qualitative statement remains valid. In the course of this work we have performed the analysis on different data sets many times and we have changed practically all parameters. It was always found that the bonding at the interface is more ionic-the opposite was never observed.
Stability, energy resolution and counting statistics
The VEELS data are limited in two respects, one is the limited energy resolution and the other the statistics. The energy resolution of the experimental set-up is determined by several factors. The cold field emission source has an intrinsic width of 0.2 eV. This is broadened by instabilities in the microscope accelerating voltage and the resolution of the electron spectrometer. For this work the energy resolution of the whole system was 0.7 eV which is probably due to stray fields and imperfect spectrometer alignment. Similar systems have reported an energy resolution below 0.5 eV [24] and work is in progress to achieve this on the set-up used here.
The photodiode array has a limited dynamic range and a detective quantum efficiency which depends on the exposure [25] . For the quantitative analysis here it is important to measure not only the strong zero loss intensity accurately but also the inelastically scattered intensities; even those have a large dynamic range with the relatively strong plasmon and the weak intensities at the onset above the band gap. It is these relatively weak intensities and their shape which contain the most important information about the interband transition strength and which therefore have to be measured accurately. The variations observed between the two data sets from the bulk material are attributed to a combination of instabilities and the counting statistics. The variation in the two GB spectra could additionally be due to a variation in structure along the grain boundary [13, 14] . The variations between the two different data sets are more pronounced and therefore reflect differences between bulk and GB.
The dynamic range and noise characteristics of the photodiode have been slightly improved recently [26] , but it remains essential to acquire spectra with different integration times and splice them to give one single spectrum as was done for this work. A newly developed computer-controlled system allows the acquisition of two spectra at the same location, one with a short integration time to obtain the zero loss peak and one with a long acquisition time for optimizing the plasmon region [27] . An additional advantage of this system is that the specimen is only exposed to the electron beam while data are acquired and electron beam irradiation damage is therefore restricted to the actual measurement.
Artifacts
In the retrieval of the interband transition strength from VEELS data several effects have to be kept in mind. Because of the difficulties of multiple scattering corrections, it is necessary to take VEELS data from thin specimens. The surfaces of the specimen contribute inelastic scattering which originates from the electrons traversing the solid/vacuum interface. The strength of the surface loss can be calculated if the dielectric function is known [10] . This property has to be determined by an iterative process, obtaining a first estimate of ε, then calculating the surface loss and subtracting it from the VEELS data, then reobtaining ε, etc. This was not included in the present analysis as the intensity of the surface loss for the specimen thickness investigated (80 nm) is negligible. However, an iterative scheme as described above could easily be implemented. More complicated is the case where the specimen is coated with a thin layer of another material. For insulators it is sometimes (but not in the present α-Al 2 O 3 sample) necessary to coat the specimen with a thin carbon layer to avoid specimen charging during the investigation, since charging leads to unacceptable microscope instabilities. Sometimes contamination of the TEM specimen during electron beam irradiation occurs due to specimen contamination during preparation or insufficient vacuum in the microscope. Here the originally employed carbon coating was removed and contamination was not observed during the experiment. In cases where this is not possible it might be feasible to measure the thickness of the carbon layer by quantifying the carbon K-edge in an EEL spectrum and calculating the effect on the measured spectrum by assuming a dielectric function for carbon obtained in an independent experiment.
Electrons undergo some inelastic scattering processes which do not occur for photons. If the velocity of the primary electron beam is larger than the speed of light in the medium, Cherenkov radiation occurs [10] . Electrons accelerated to 100 keV have a velocity of 0.548 × c, where c is the speed of light in vacuum. This means that Cherenkov radiation occurs in energy loss regions where the refractive index n is larger than 1.82 or ε is larger than 3.33. For alumina this condition is almost fulfilled for energies between 5 and 10 eV. For some other ceramic materials with higher values of ε this might be true for even larger spectral regions. Cherenkov radiation is strongly forward peaked. The cross section for this process, integrated over scattering angle, is small compared to other processes. This argument also applies to surface guided modes, which have been observed in amorphous alumina [28] . Since the VEELS spectra here were acquired integrating over scattering angle the contributions from Cherenkov radiation and surface guided modes have been neglected. A Cherenkov correction can be developed using the same iterative approach as discussed for surface losses, since its strength can be given analytically.
The inelastic scattering of electrons involves a momentum transfer. For 100 keV electrons the wavelength is 3.7 pm and the wavevector k 0 = 1697 nm −1 . The characteristic scattering angle θ E for inelastic scattering for an energy loss of 20 eV is 0.1 mrad and therefore much smaller than the scattering angle θ allowed by the apertures. The momentum transfer
can then be approximated as q = k 0 θ which amounts to 11.9 nm −1 . The optical limit is q = 0. Electron scattering experiments, however, often use q = 2 nm −1 to avoid the influence of surface effects and Cherenkov radiation. In this paper we work in the approximation ε(q, E) = ε(E) which is typically used in the analysis of data obtained with transmission electron microscopes. Because we require spatial resolution in our experiments and the acquisition times have to be short, it is not possible to work with the small apertures sometimes used with dedicated electron scattering aparatus without spatial resolution. As can be seen from our results this approximation is valid in the case of α-Al 2 O 3 . This can be explained from band structure calculations for α-Al 2 O 3 [22] which show that the bands are flat over large regions and therefore the band dispersion is small. For other materials it is found that a momentum transfer of 10 nm −1 significantly changes the shape of the dielectric function [29] .
Electrons also scatter inelastically with phonons. These energy losses are of the order of a few tens of millielectronvolts and can therefore not be resolved with transmission EEL spectroscopy in an electron microscope. These quasi-elastic scattering processes broaden the zeroloss peak on the high-energy side. Since they do not contain information about the interband transitions it is desirable to remove them from the measured spectra. This is achieved automatically by fitting the zero-loss line shape assuming zero intensity in the band-gap region. However, it is not clear which shape the phonon scattering process contributes at higher energy losses leading to an uncertainty in whether it has been removed properly. This might explain some of the discrepancies observed between data from VEEL and VUV spectroscopy.
Spatially resolved information
In the past the analysis of VEELS has been limited to bulk materials [29, 30] or special geometries [12] . In the latter case dielectric theory has been used to evaluate the detailed influence of the geometry on the recorded VEEL spectrum [12] . For example, the presence of internal interfaces or of holes in a specimen of cylindrical geometry may give rise to prominent interface plasmons when the properties of the materials are appropriate [31] . For a known geometry such as a planar interface between two media it is possible to calculate the observed VEELS as a function of the electron probe distance from the interface using the dielectric functions of the two materials [31] . In these cases, for particular values of the material's dielectric constants, interface plasmons may appear due to the geometry of the sample and not due to any dielectric properties unique to the interface itself. This suggests that it is not always possible to interpret the VEELS data locally, but that they can depend on the environment surrounding the electron beam. Therefore the analysis of such VEELS data would have to proceed in a similar way to the possibility indicated above for the correction of surface effects. First the dielectric function of the two bulk materials has to be determined and then the expected VEELS calculated. The comparison of this with the spatially resolved measurement should then reveal any influence of the interface and the bonding present on the dielectric function.
In the analysis of the energy-loss near-edge structures (ELNES) of inner shell ionization edges in the EEL spectra it has been assumed that the ELNES of all irradiated atoms adds up linearly. Therefore it is possible to extract the interfacial ELNES by the spatial difference method [32] , a subtraction of the reference signal obtained in bulk material near the interface. Here this is not possible because of the complex nature of the low energy-loss signal. Due to the averaging by rastering the beam over an area of 3 nm × 4 nm the measured VEELS contains information from the bulk material, the GB and also the geometry of them in the specimen. The inelastic scattering process itself at these low energy losses of the primary electrons is not well localized [33] due to the uncertainty principle. It is not clear how local the information would be even if an electron beam with the smallest possible diameter (here 0.22 nm) were used.
In the case of a grain boundary, i.e. a homophase boundary, the situation is somewhat different. It is possible to regard the interface as a layer of a thickness (which in the case of atomically abrupt interfaces would be of the order of interatomic distances) which has a dielectric function ε I which differs from the bulk dielectric function ε B . This would be the case of a sandwich structure for which the VEELS can be calculated as a function of electron probe position from dielectric theory (analogous to the simple interface case). We have not employed any correction for this geometry so far, although we may in the future. The assumption and approximation made in this paper is that the change in the dielectric function is small at the interface. This is experimentally immediately obvious since no strong features appear in the interface spectrum. The Kramers Kronig analysis is possible and does not present any approximation because its foundation is the causality principle which is obeyed. However, the determined functions are Im(−1/ε) and Re(−1/ε) where ε is now an effective dielectric function. Prescriptions have been given for constructing such effective dielectric constants for various cases, such as Maxwell-Garnett theory and extensions by Howie and Walsh [34] . The determination of ε from these functions is not easy and has not been attempted here. Rather it is assumed that this interfacial region has an effective dielectric function ε which is then used in all following analyses. This will lead to an effective interband transition strength and a critical point model of it. The results given for the 11 grain boundary describe these effective properties of the interfacial region. The result depends on the size of the rastered area and it is therefore not independent of the experiment. This limitation will be made smaller in the future by recording with the smallest beam diameter possible. Also, more sophisticated analysis procedures should be able to yield the interfacial ε independent of the measurement procedure and for all possible interfaces. This remains the aim in the long term of the work presented here but, at present, despite the necessary approximations, the analysis shows that it is possible to obtain information on the influence of the interface on the dielectric function ε and determine changes in the interfacial bonding. The absolute numbers given are probably not correct at the time being, but the trend is reliable.
Comparison to other studies
As mentioned in the introduction this particular near-11 tilt grain boundary in α-Al 2 O 3 has been studied by a number of techniques and methods. HRTEM [13] has shown an atomically abrupt interface with periodic structures along the grain boundary. The quantitative comparison of the experimental images with image simulations for a structure obtained by static lattice calculations has given good agreement [14] . These calculations have found that this GB has a low energy and that the same structure is obtained independently of the potential used in the calculations. The interfacial ELNES has been obtained by the spatial difference method [15] . A detailed analysis has shown that the interfacial Al atoms have a coordination to their neighbouring O atoms which is reduced from the six-fold coordination present in bulk α-Al 2 O 3 . The bond length increases and shows a larger distribution than in the bulk material. A quantitative analysis has shown that one monolayer of Al atoms is affected by the presence of the interface. All these findings have been obtained by the self-contained analysis of the ELNES data [15] . A comparison to the atomic position from the calculated structure showed good agreement with all these statements.
More recently there has been a first principles calculation of the electronic structure [16] and the optical properties [17] based on the structural model [14] . The density of states with p-symmetry in the conduction band agrees well with the experimental ELNES. A charge transfer was found from the Al to the O atoms at the interface. This means that the bonding there is more ionicin agreement with the results presented here.
The near-11 tilt grain boundary in α-Al 2 O 3 has been investigated by all these techniques and many results have been obtained independently by two different techniques. Because of the consistency of all the evidence available we believe that the atomistic and electronic structure of this particular GB is now understood. This has of course been a model study, developing techniques. Because of its success many of the methods are now employed for investigations of other interfaces. We also believe that the analysis of VEELS and determination of the electronic structure and bonding from it will be successfully applied to other systems. First, other grain boundaries in α-Al 2 O 3 will be investigated, for example a twin boundary with and without Ca segregation which has already been studied by HRTEM [35] . General high-angle GBs without impurities should show a stronger effect since the GB energy is larger and therefore more pronounced changes in the electronic structure are expected.
Future work
In the future the analysis will be developed further in order to take some of the effects into account which have been neglected so far (see discussion above). In particular a case study of the spatial information present in the VEELS and an iterative calculation of the dielectric function considering the geometry will be attempted. First attempts have been made by recording VEELS data across the 11 GB and acquiring spectra with a nominal spacing of 0.1 nm. So far the statistics in the data are not sufficient to analyse them reliably. Modern methods of data analysis such as artificial neural networks [36] might be useful for classification of these large data sets and could reduce the detailed analysis and modelling to a few standard spectra. Alternatives to the index sum rule scaling and the subtraction of a linear baseline will be sought to make the data analysis independent of a priori knowledge.
Conclusions
Quantitative determination of the interband transition strength and the electronic structure from an analysis of VEELS yields comparable results to the more established VUV spectroscopy results. For the spatially resolved analysis of a near-11 tilt grain boundary in α-Al 2 O 3 the differences in the VEELS translate into differences in the interband transition strength. From critical point modelling of the interband transition strength the bonding at this internal interface is more ionic with respect to bulk α-Al 2 O 3 . This result is in good agreement with other experimental and theoretical investigations of the same GB. The VEELS data analysis is complex and this is believed not to influence the qualitative results, though it may have an influence on the quantitative result. Much work remains to be done but the results presented here are very encouraging. VEELS analysis represents a new method to determine dielectric properties, electronic structure and bonding with high spatial resolution.
